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ABSTRACT

It is shown in the paper that the strain rate history effects play a

very important role in the plastic behavior of polycrystalline fcc metals. These

effects are attributed to some differences in the effective dislocation multipli-

cation rates at different strain rates. A mathematical description of the effects

discussed is possible by a coupling of two relationships. One of these is the

relation resulting from the thermally activated process which is dominating at

a certain level of strain, while the second it of an evolutionary type. An evolu-

tionary relationship describes the changes in structure during the course of

plastic deformation. A few examples of an evolutionary relationship along with

a thermally activated intersection model are discussed. Comb.-nation of these

two models lead to a more general constitutive equation, namely

T = TA(t,T) + T* (,T)

where T A(t,T) is the time and temperature dependent athermal component of stress,

T *(yj, T) is the strain rate and temperature dependent thermally activated component

of stress. Also, some specific cases of such an evolutionary relationship are

discussed. Such an approaeh is applicable in the solution of many important

engineering problems involving rapid changes of strain rates during course of

plastic defo-mation.

II.



!

THERMALLY ACTIVATED FLOW AND STRAIN RATE

HISTORY EFFECTS FOR SOME POLYCRYSTALLINE

FCC METALS

J. Klepaczko

Division of Engineering, Brown University, Providence, U.S.A.

1. Experimental Evidence of Strain Rate History Effects for FCC Metals.

The mechanical behavior of metals and alloys deformed plastically at

different rates of strain end temDeratures has been extensively studied during the

last decade. Most of the results relate to tests at a constant strain rate or tem-

perature. Moreover, the current value of the flow stress depends on the past

history of deformation, giving rise to strain rate or temperature history effects.

Temperature history effect- for aluminum and copper were reported earlier than

1,2 . 3,4,5,6,U.rate history effects1 ' . The recent experimental data for aluminmi,,

aluminum alloys 10 , copper 7 ,9 1 12 and lead 8, which were obtained by a sudden

increase or decrease of the strain rate, point out clearly that the flow stress

of these metals depends not only on the instantaneous values of the strain rate,

but also depends on their strain rate histories. It then appears that the in-

fluence of strain rate and temperature on the stress-strain relationship for

polycrystalline fcc metals is more complicated than would be deduced on the

basis of a constant rate or constant temperature test. A slightly different

dislocation structure is developed after low or high strain rate deformation

of a metal to the same level of plastic strain. The same situation is true for

the process of plastic deformation at different temperatures. ThI shows that

the flow stress is not a unique function of strain, strain rate and temperature.

For polycrystalline fcc metals incremental tests provide results such as

those shown schematically in Fig. 1 in which shear components of stress ar'i- strain

are plotted. The lowest curve in Fig. l(a) represents a portion of the stress--

* On leave from Institute of Fundamental Technological Research, Warsaw, Poland.
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strain relation obtained during straining at a relatively low strain rate say

0- s or lOs -  , while the upper curve is for a high strain rate, say

10i or 10 sI. On the other hand, a specimen can be loaded at one

strain rate 4. up to a strain yi at which point the strain rate is in-

creased suddenly to #r " Such a strain rate history is shown in Fig. l(c).

It results in the stress-strain curve in Fig. 1(a) which follows the path ABCD.

A similar path is followed when a specimen is loaded at a single constant strain

rate if it suffers a sharp drop in temperature at yi . A schematic picture for

the strain rate decrease or increase of temperature is show. in Fig. l(b) and

Fig. l(d).

Considerable improvements have bo'en achieved in the lavt decade in the

experimental techniques used to test metals under dynamic conditions. These

have produced more reliable results especially for the incremental type ex-

periments in the high strain rate region. The most effective type of ex-

periment is performed under pure shear conditions, in which thin tubular speci-
6 'i 1,13 Th

mens are used together with a modified torsional split-Hopkinson bar 6 The

results of incremental tests for 1100-0 aluminum, shown in Fig. 2,were obtained

using the torsional split-Hopkinson bar technique. The nominal strain rate of

2 -1l
8.5 x 10 s in shear is superimposed within a very short rise time (~10ps)

with no unloading on a slow initial strain rate of 5 x 105 s. The increment

in strain rate is imposed at a previously selected value of shear strain Yi

within a range up to yi = 0.15. These results are quite similar to the schematic

picture in Fig. l(a). The only difference in appearance comes in the presence of an

upper and lower yield stress in the initial portion of the incremental stress-

strain diagram.

Since the effect of increments in strain rate on the shape of the stress-

strain diagram for copper was unknown, strain rate incremental tests were under-
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9
taken on this metal . Again, the split-l1opkinson bar technique was used, and the

final results of these experiments is shown in Fig. 3. Each incrementa curve

on this diagram represents at least three tests. These experimental results

are shown partly as dotted lines to indicate that the strain rate is not constant

during the entire incremental test: it is increasing at a nearly linear rate to

the final maximum value during the initial Dart of the incremental curve which is

shown dotted. The solid lines indicate that the strain rate has attained a value

of about (9±1) x 102 s-1 during that portion of the incremental test. Since the

split-Hopkinson bar technique is not adequate to measure the exact initial elastic

response of the specimen, these responses are assumed to be elastic with the shear

modulus G. The estimated elastic increments of stress, which take place at a

2 - 1
shear strain rate of about 3.5. x 10 s , are shown above the low strain rate

curve. It may be noted that the initial strain rate ji for these experiments

-3 -1is about 2.2 x 10 s . It is evident from Fig. 3 that strain rate history

effects are also present in copper.

Comparison of the results in Fig. 3 obtained for copper with those for

aluminum, which are shown in Fig. 2, reveals a great similarity in the whole

behavior of these metals. The only difference is in the upper and lower yield

point which is observed in aluminum but not in the case of copper. It may be

noted here that similar strain rate history effects were observed in lead of

8room temperature

These observations support the idea that in the case of polycrystalline

fcc metals the dislocation processes responsible for temperature history and

strain rate history effects are similar.

Thus, there is a need to relate such macroscopic behavior to its

corresponding microscopic structure. The main problem is the lack of a detailed

understanding of the nechanisms for strain hardening of polycrystalline aggregates
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of fcc metals alid their influence on strain rate and temperature behavior. Strong

evidence is now available supporting the supposition that the strain rate and tem-

perature behavior is related to specific thermally activated dislocation mechanisms.

However, less evidence exists as to how these mechanisms depend on the strain

hardened state of metals. In the latter part of this paper an explanation will

be offered concerning this question.

2. Thermal Activation Strain Rate Analysis

A very straightforward way to explain some fundamental features of the

strain rate and temperature history effects is to apply the thermal activation strin

rate analysis . This is a formal approach in which the basic constitutive relation is

derived on the basis of thermodynamics of rate theory. The formalism lies in the

averaging process which implies that in the constitutive relation all physical

quantities such as the length of an element of a dislocation line which is pinned

between obstacles, its glide velocity, the free energy of activation, the effective

stress, and the activation area, are simply recognized as average values, but the

process of averaging is mathematically unspecified. In some cases the resulting

averaged parameters can be regarded henceforth as phenomenological parameters

describing plastic flow of metals. A more extended discussion of this problem

14
is given for example in the work of Hirth

There is however strong evidence that the thermal activation analysis

when applied in the proper way, can provide much qualitative information which

in turn is very useful in a deeper understanding of the plastic flow of metals

and alloys.

Since the plastic deformition of metals is the result of many dis-

placements of many dislocations in the crystal lattice this process is associated

with the dynamics of dislocations, i.e. it is time dependent. Under these con-

ditions the plastic deformation rates can be described in terms of a thermally
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activated process. Because crystalline materials exhibit a variety of different

strain rate and temperature effects there is no simple universally applicable

equation to correlate experimentally determined parameters with those which

were mentioned above. In addition, many different deformation mechanisms con-

tribute to the net plastic flow at the same time. The most general form of the

constitutive relation for the i-th thermally activated dislocation mechanism can

be written in the following manner

j. = .(T s T) exp [ A- G(T 'S CLT)

where vi(T,s ,T) is called the pre-exponential factor, AG. is the activation
1

free energy, i.e. the net reversible work expended in achieving the activated

state of dislocation at constant temperature. The total shear stress and

effective shear stress are denoted respectively by T and r*, T is the

absolute temperature and k is the Boltzmann constant. Hence, the experimental

data show that the thermally activated state can depend not only on the instan-

taneous values of T, T*, T, j , but also on the history through which an

actual structure of a metal was formed4. To account for this effect a number

of unspecified structural parameters s has been introduced in equation (1),

where a = 1, ... ,n . As will be pointed out later the existence of the

structural parameters enable one to introduce a description of structural

evolution.

Very frequently eq. (1) is written for the case of instantaneous

values

V Ti exp K (2)

and experimental values of the independent variables T ,r and AG. must be1

obtained from differential tests 1 To describe strain rate and temperature

history effects an evolutionary rate equation must be -ddad to eq. (2) or the
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constitutive relation in the form of eq. (1) must be used. For each dislocation

mechanism some specific geometric variables are introduced describing -tructure,

for example, density of forest dislocations, geometrics of linear elastic ob-
16

stacles, etc. A more detailed review of different dislocation mechanisms and

geometrics of obstacles involved in each case is given elsewhere 15,17,18,19

All quantities in equation (I) must be recognized as "averaged"

values; this introduces the so called formalism in the approach. However, the

number of dislocations or obstacles involved is typically of the order of

1010 to 012 -2 . Hence, a variety of approximations is commonly made in
estimating ji for specified thermally activated mechanisms. Usually an

element of a dislocation line of length L is assumed on which a net re-

solved shear stress T is acting; this stress is sometimes called the effec-

tive stress. The effective stress T , which assists in successful thermal

activation is related to the applied stress T and athermal stress TA

through the relation

T= T - TA (3)

The free energy of activation can be written in a more specific form, see

for example 1

AG = AE - TAS + pAV - v T (4)

where AE is the energy of activation, i.e. energy supplied by the thermal

vibration of the lattice, AS is the entropy term and p is the hydrostatic

component of stress respectively, AV is the increment of volume. The activation

enthalpy is defined as

AH = AE - TAS + pAV (5)

Usually the term pAV is neglected, and since the ground state of the activation

process can be assumed as zero the deltas can be omitted. Hence

H = E - TS (6)
0
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Introducing eq. (6) into eq. (4) one obtains

G= H -vr (7)
0

and

* dG
V =- (8)

The coefficient v has the dimensions of volume and is frequently called the

activation volume. The activation volume v *is a critical parameter in the

thermal activation strain rate analysis. This parameter gives the physical

dimensions characterizing a thermally activated process, its value shows to

what extent the effective stress T helps dislocations surmount a short range

barrier. 1 8 Introducing eq. (7) into eq. (2) and denoting v.(T,T) 0o one

obtains the activation volume v in terms of the instantaneous values of H

T ,Y and
v* 1

=T-* (Ho + kTl£ ) (9)

Further consideration will be restricted to the case of the linear elastic
16

obstacle .During successive thermally activated surmounting of the barrier

by a dislocation segment L, the effective stress T does work TbLa , where

La is the activation area. Again, the term bLa has dimension of volume, and

the activation volume in this case will be

v = bLa (10)

The pre-exponential factor v.(r ,s ,T), sometimes called the frequency

factor, is related in most cases to the glide velocity of the mobile dislocation

density pm. It can be interpreted as the total area A covered in the average

successful thermal fluctuation multiplied by the density of mobile dislocation

line segments N. The Schmid factor (orientation factor) is e and v -denotes
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vibrational frequency for an average dislocation line segment. Hence,

v. = OINAbv or v. = Opbv (11)

The eq. (11) is analogous to the Orovan's equation 20

f = Opmbv (12)

where v is the dislocation velocity.

Under these assumptions the structural parameters s in the preexponential

factor are 8, N, A and v. However it is vot obvious how these parameters de-

pend upon applied stress T, temperature T or the history of deformation. The

most common assumption is that v. is constant during the process of plastic defor-
12

mation of polycrystalline metals. Further study is needed of this point2 1

For the free energy of activation the structural parameters are as follows:

T T A , L and a or the activation volume v . In the most simplified case,

22,the shear strain rate - can be described by Seeger's approximation 'namely

H -T bLa
- epb(- -b-)L exp[- ( 23)

kT

This model approximates conditions that apply when undissociated glide disloca-

tions produce jogs upon intersecting undissociated repulsive forest dislocations

assuming the obstacles are arranged in a square array of side L.

It may be once more stressed here that equation (13) seems to be an over-

simplification of the real physical picture in which one ib specifically concerned

with the evolution of the dislocation structure which takes place during plastic

straining of a polycrystalline metal. But eq. (13) can be used with success for

engineering purposes as an approximate relation between the instantaneous phys-

ical parameters. It is interesting to note also that in eq. (2) or (13) the

shear strain does not enter explicitly as a physical quantity;. From the engin-

eering point of view, it is desi able to know how these physical parameters and
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specifically the activation volume v , change with strain, and whether they

are a unique fun-tion of strain; or, in other words, bow they depend on the

history of deformation. In a previous analysis of this problem for polycrys-

talline aluminum 4 , it was shown that if the model of dislcation inter-

section which is formulated as eq. (13) is plausible: then L or thn density

of obstacles is also dependent upon strain rate as well as the history of strain

rate h('). For this case a general relation may be suggested

L = L[y,t, (f)] (16)

This relation can be regarded as a general form of an evolutionary equation.

The main purpose of this paper is to perform a fv,-ther analysis of this problem

on the basis of new experimental data for nolycrystalline aluminum - Fig. 2,

and .;opper - Fig. 3.

3. Analysis of Experimental Data

The analysis of the experimental data ls an attempt to provide a basic

understanding of the strain rate history effects. The ultimate aim of the

analysis is, of course, to identify the dislocation mechanism which is respon-

sible for these effects, however, this is not attempted in the present paper.

Unfortinately, at the present time, there is a complete lack of experimental

data on strain rate history effects at temperatures which differs from room

temperature. In addition, this analysis is limited to the most simple approach

to the thermally activated strain rate analysis, in spite of some more refined

restrictions discussed in the recent literature1 9 '2 1 '2 3 ' 2 .'2 5 . Such an approach

to the problem may show the main trends which should be followed in the future

in a more restrictive manner.

The usual procedure to estimate the strain rate dependence uf metals is to

measure at constant temperature T the strain rate sensitivity parameter

which is defined as follows
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(d)t (7)

or introducing finite differences in eq. (17) one obtains

AT where >

0 s -r- (18)

The most comon pzatice is to measure 0 from the constant strain rate tests,

however, the proper procedure is to measure 0 from incremental type tests,

especially if it is to have a physical meaning. The value of 0 is directly

related to the activation volume v . In order to show this let us differentiate

eq. (9).

T dv + v dT kTd(!n4-) (19)

For the case when jo = const., which is a frequent first order assumption,

eq. (19) yields
.

V- d n *dv (0v- = kT -- w T -- =c (20)

dr dT
Using definition (17) ."e experimental activation volume can be introduced

- d~n ~.kTv *= kT--W-. k
e d T

and eq. (20) can be re-written in the following form

- *dv
v =v - T- (21)

e e dT

The next common assumption in most of the experimental work is to neglect the

second term ini eq. (21). But this is unjustified without an analysis of how

this term contributes to the total value of the activation volume v . To

estimate the second term in eq. (21) use will be made of the experimental obser-

vation that for different metals (including fcc) having various microstructures,

the experimental activation volume v* is proportional to the reciprocal of the
e



thermally activated component of stress T in other words a hyperbolic

* * 24dependence of T on ve  is obtained and this relation takes form

T -- = (22)
v

e 2, Inor e
where w = 3.1 x s0- 1 3  . In order to eliminate T in eq. (21), eq. (22)

can be differentiated, i.e. dT -a dv-, and dr substituted into eq- (21),*2 e
then e

t * dv
V v e + -:) (23)

dv
e

This is a differential equation which can be solved and the solution is
* o

* = v e(24)

V
e

Remembering the definition for ve and 3, eq. (24) takes the form

v = k ln(9) (25)

or if the strain rate sensitivity is measured at the same increments of strain

rates then
AT AT

V- £(A- ) Or =  - (26)
5 50 V SO

eATs
where according to Fig. 1 Ss = - . Equation (26) can show a range of errors;

if the assumption is made that v Ve, the error will be

AT -lX 1 [in( S) -I  x 100%

so
AT

Within the region of strains used for aluminum (see Fig. 2) the values of ATs
so

at the lower yield points is about 3.17 which gives X = +13.3%, for copper
AT

the analogous values are T s - 2.190 (see Fig. 3) and X = -27.5%. The numbers
so

confirm to some extent the opinion that the partial differentials can be used to

obtain (as a first approach) the activation volume from the 
incremental tests15

thus,
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v:Z T (a ST (27)

in this case dv *IT 0 in eq. (20). The activation volume v will be

regarded henceforth as the experimental activation yolume v *
e

As is shown schematically in Fig. 1, the experimental results provided

by constant strain rate or temperature tests as well as by incrmeental tests are

consistent with this schematic picture for all of fcc polycrystalline metals so

far tested. If AT denotes the difference at a given value of strain between

the two flow stresses obtained at originally constant strain rates $i and ir

(or constant temperatures Ti and T ) then

AT = ATs + ATb  (28)

where ATh  is the difference in stress at tae same level of strain between the

incremental stress-at in curve and the curve obtained at the same constant strain

rate or temperature. The value of ATs  is the elastic response to the increment

of strain rate or temperature at a constant structure. For the purpose of fur-

ther analysis of the experimental data, the following definitions of two activation

volumes are introduced, the true activation volume vs

v = kT( BIn ) (29)
s AT U *,

and the apparent activation volume vh

h h
hr,*S h T,t i

Values of the true activation volume v are obtained from the incremental tests,
s

while values of the apparent activation volume can be obtained from constant strain

rate experiments. It is obvious from Fig. 2 and Fig. 3 that v is always
*s

greater than vh* After careful measurements of AT and ATh at different

SO
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initial strains, both activatit-n volumes were obtained, and the results of these

measurements are shown for aluminum and copper r-spectively in Fig. 4 and Fig. 5.

In the case of aluminum, values of A-r were obtained by arithematically averag-

ing the upper and lower irtremental yield stresses. It may be concluded that

for aluminum and copper the vaiues of v are more than twice as great as the
s

vales of v This shows again, having in mind the rela tionship (l), that

the true activaticn area La is larger than the apparent activation area La

deduced from the constant strain rate tests. The activation area undergoes an

evolution during a deformation process at a low strain ratez thus, the history of

deformation is an important factor in the contribution to the strain rate sensi-

tivity of polycrystalline fcc metals. To illustrate the evolution of the struc-

ture, the simplest intersection model will be assumed, i.e. the intersection of
.3.

two dislocations is completed when a = b. In this case the activation volume is

v Lb2. The density of dislocations is then related to the length of the dis-

location segment through the following formula

1 2(31)
Ls

Since the apparent activation area Lhb is larger than the true activation area

L sb it means, having in mind how these areas ar 3 obtained, that after low strain

rate deformation the density of dislocations is lower than after high rate strain-

irg to the same level. In other words, the evolution of a structure can be asso-

ciated with a dislocation annihilation or a dynamic recovery process. In order

to perform a qualitative anal3 sis of annihilation the additional relationships

will be useful; after differentiation of eq. (31) and v Lb2 one obtains

P - 2AL (32)

L
3

and



-14-

*

s 2 w en Av v h (33)

substitutin ,T-%I) and (33) int., (32) and eliminating L we obtainect the follow-

ing rlaton!thip for Ap

44
4P j= Av* or .p=-( - vh  (34)

V v
S S

and also

2b*|  
v h )AP *2

vv-. V
VS

where all the relations hold at constant initial strain yi. Here Ap is

understood as the number of dislocations annihilated at a particular value of

strain yi as compared to two different strain rates y. and r at which

activation volumes vh and v are experimentally obtained. It is interest-

ing to calculate values of Ap as a function of initial strain. For this pur-

pose, as a first step, values of Av = vs - v. , can be obtained on the basis

of Fig. 4 and Fig. 5. The results are shown in Fig. 6 and Fig. 7 for aluminum

and copper respectively. These results were used to calculate from eq. (34)

the number of annihilated dislocations Ap at different values of yi . The

results are shown in Fig. 8 and Fig. 9. It appears that at room temperature

the number of annihilated 4islocations is pr-oportional to the initial strain

Yi which is obtained at constant low strain rate j." This is observed for

aluminum as well as for copper. The experimental points imply a linear rela-

tionship between Ap and yi and were analyzed using the least squares method.
2

The correlation coefficients appeared to be very close to unity A= 0.9970

and r 2Cu=0.9967; correlation r2 = 1 implies a perfect fit to experimental

data. Since the linear relationship
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AP = A + ayi (35)

holds, the coefficient a provides information about the intensity of the

annihilation process. These values of a, as indicated in Fig. 8 and Fig. 9

9 -2 10 -2
are cA= 8 77xlCu = 2.65 x 10 cm . If a linear relationship

(35) were to hold up to Yi = 1.0 (100% shear d'vformation) then a would indi-

cate the number of dislocations annihilated up to this strain. The constant A

will be equal to zero in general , because at yi = 0, the annihilation process

starts. This was almost exactly fulfilled in the case of copper for which

Acu = -0.058 x 109 cm 2 , while for aluminum the value of AAt is relatively
g~eae~e = 0247x 19 m- 2 .

greater, AA, = 0.247 x 1cm . However, both values of A can be recog-

nized as small see the proportions in Fig. 8 and Fig. 9. It may be also noted

that values of a are obtained at constant initial strain rate ji, this implies

that the annihilation rate is constant as the time of deformation elapses. Then

eq. (35) can be re-written in the following form

p = A + at where a = ai  (36)

The annihilation rates a d)= ati are obtained for aluminum and copper

when the proper values of j. are introduced into eq. (36). The result is

aA£= 4.378 X 105 cm-2s-1 for 5 x 10-5s-1 and acu = 5.47 x 107 cm-2S-1

for i = 2.17 x 10 s

It is of great interest, at the present stage of discussion, to compare

the coefficients of annihilation a obtained in this paper with the coefficients

of dislocation multiplication M which are usually measured with the aid of an

electron microscopy technique. The frequently observed relation for the total

density of dislocations is

P = 0 + Meffy' (37)

y const.



-16-

where H is the effective coefficient of dislocation multiplication.Rela-
eff

tion (37) also has a strong theoretical background2 6 . The effective multipli-

cation coefficient H observed in tensile tests for fcc metals at a low
eff

nominal strain rate of 10- 3 s-1 is about 10 I cm - 2 . Available measurements 2 7

on aluminum single crystals and polycrystals indicate that 2e f  1 x 103- -2

(tensile strain e is substituted in relation (37)).Generally, the figure is

26,27
higher for polycrstals 2  . Here, the effective value of Her f for poly-

crystalline aluminum is taken2 6 ,2 7 as He = 4 x 1010 cm- 2 , this value was
eff

obtained at the rate of deformation j = 1 x 10 s - . Since the annihilation

coefficient a was obtained from the incremental and constant strain rate tests

performed at two strain rates 5 x 10 5 s -  and 1 x 10 s-l the effec-

tive multiplication coefficient Meff for the strain rate f = 1 x 103 s will

be

(eff) =(eff) (38)
dyn. stat.

This situation is shown for aluminum in Fig. 10; the initial dislocation density

8 -2
is assumed as P0 = 1 x 10 cm . Thus, a consistent picture is found for alu-

minum. The result is that at the high strain rate of about 103 s - I the effective

coefficient of dislocation multiplication is greater than that for low strain

rate deformation, the value is

4.87 x 10I10
- 1 = 0.2175.

4 x 1010

The totUal density of dislocations is about 22% larger after high strain rate

deformation in comparison to a density measured at the same level of strain

after low strain rate straining. It can be said also that about 22% of the dis-

locations are annihilated during deformation at a low strain rate; again, in

comparison to a high strain rate deformation. This picture is consistent with



I
-17-

the electron microscopy observations for als.un, I28  it has been established that

the density of dislocations, measured froo the misorientation angle between sub-

grains, is larger after increased strain rates. It has been possible to present the

total dislocation density as a function of the strain rate at constant tensile

strain e. = O.OP These results, converted into shear strain and shear straina

rate, are shoun also in Fig. 10. The ":otal densities of disiccations reported

28
in that paper seem to be too low, especially ax the low values of strain rate

-5 -1 -jl1 1 1  -l1.Uxl 10 s < , < 1.1 X 10 s - , leading to a very low value of the effec-

tive coefficient of multiplication Hefl_. However, the density of dislocations

x12for the strain wrate .= . 10 agrees quite well to the prediction of

28
Fig. 10. The dislocation density values obtained in the discussed paper were

subject to a racher large erTor, as the authors say, loweriag their true value.

7his error results from imperfection of the subgrain boundary created by the

plastic deformation. Moreover, those estimates do not include the dislocations

within the subgrains. Although the values of dislocation densities taken f-rom

28
the discussed paper seem to be too low, the general trend is consistent with

the present findings for aluminum.

A similar analysis of the experimental data from Fig. 3 for copper can be per-

formed. The first step is to obtain the effective multiplication coefficient

29,30,31M for a low strain rate. The experimental data collected for copper
eff

where the total dislocation densities were measured at different values of the

tensile strains and at a low strain rate -10-3 s - I are shown in Fig. 11. The

experimental points yield a straight line, i.e. relationship (37) holds. These

experimental points 3 2 were analyzed by the least squares method, the correlation

coefficient was r = 0.9953, and the values of p0  and 2Mef f are as follows:

1.505 108 -2 11 -2cm 2Meff  1.846 x 10 cm . For the case of shear deior-

mation this gives the value of Mef = 9.23 X 1010 cm-2 . Having obtained the

P.- . . . . . . . . . . .. . ....f f
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effective coefficient of dislocation multiplication for copper Heff2 at

-4 -1I 1 x 10 s - , it is possible to compare its value with the coefficient of

annihilation a, and to use eq. (38) to demonstrate their proportions. This

is shown in Fig. 12. Again, the result shows th -t the effective coefficient of

dislocation multiplication at the high strain rate f 3.5 x 102 s - I must be

greater than that for low strain rate, the value is

01011.88 x 10I 0

9.23 x 1010 - 1 = 0.2871

i.e. 29%. The initial dislocation density is assumed to be po = 1.5 x 10 cm

Thus, the whole picture for copper is consistent with the results of the analysis

for aluminum. Moreover, the values obtained from the present analysis seem to

agree with other data obtained with the aid of electron microscopy.

4. An Evolutionary Equation

A question arises as to which is the best way to describe strain rate and

temperature history effects in polycrystalline fcc uetals. The shape of the

incremental stress-strain curves suggests that it is reasonable to assume that

during low strain rate deformation at room temperature a dynamic recovery proc-

ess takes place. 3 3  In discussing the effect of recovery on mechanical proper-

ties and structure, the dislocation processes of particular interest are cross-

slip and climb. Both dislocation mechanisms are responsible for creep behavior ;33,34

also the motion of jogged screw dislocation 17can be included in this category.

It may be added that most of the creep mechanisms which car. lead to a dynamic

recovery process are diffusion controlled.34, 17 Thus, only cross-slip is therm-

17
ally activated, but all of them are, of course, rate dependent . It is out of

the scope of thi' paper to review in a detailed manner all possible dislocation

mechanisms which could be responsible for dynamic recovery or annihilation of

dislocations.
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The second possibility which can b-. offered is the annihilation wrdel based

on the concept that under stress mobile dislocations will be immobilized, reto-

26
bilized and also annihilated. This approach, originally due to Gilman can lead

to a proper evolutionary relationship. This point of view can be identified with

a proper theory of strain hardening of polycrystalline aggregates.

Because of the nature of strain rate and templ rature history effects, both

approaches must assume a differential equation as an evolutionary relationship.

Both approaches can be generally represented in terms of effective strain

hardening rate.

(a) = 0-) + G -) (39)

aT

where ( -)o is the rate of work hardening when Do dynamics oecovery is occur-
3T

ring, and (a is the dynamic recovery resulting from dislocation collision

and annihilation. If eq. (3) is differentiated with respect to she ar strain

then one obtains

3T 8A aT+ - (40)
3Y ay a

Equation (40) can be split into four terms following eq. (39)

at A *A Z ) (41)
(- '  + ( - ) + (-) + a (41)

Beff c oy a o y a

This equation, in a more general form, predicts that the contribution of a

dynamic recovery or dislocation annihilation may have two sources, the athermal

component of stress T as well as thermally activated component xr The work
A

hardening theories are in favor of (TyL) a , whereas creep theories suggest that

the O a term is dominating. It cannot be excluded that in a certain situa-
a a

tion both terms play an important role.
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261Following Gilman2 6 a simple evolutionary eqtation will be discussed. It

is assumed here that dislocations are multiplied with a rate which is propor-

tional to the density of mobile dislocations. Thisis Gilman's original breed-

ing equation, called also the kinetic equation

=rmvpm (42)

where p is the total dislocation density, m is called the breeding coeffi-

cient, and v is the dislocation velocity. In order to include an annihila-

tion process it is necessary to introduce a kinetic equation of annihilation;

as a first approaci., the rate of annihilation also will be assumed as propor-

tional to the density of mobile dislocations, then
v

Pa Pm (43)

where l is the average distance traveled before annihilation. The effective

rate of dislocation multiplication is

P pV(m -- )(44)

Remembering eq. (12), pmv can be eliminated from eq. (44) and finally the dif-

ferential equation of structural evolution takes the following form

dp _ 1 ( (45)dy 8

Solution of eq. (45), with the initial condition p p0  for y =0, is

1 +L (m - -1)Y (46)

Relationship (45) describes the effective multiplication coefficient Meff*

This is analogous to eq. (38) which expresses experimental observations. Thus,

it is possible to obtain the average distance before annihilation X having

obtained experimentally values of a,
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- ;8 1 (47)
O8b

Since a is not strain dependent, the value of X is then constant, and for

experimental results, see Fig. 8 and Fig. 9, AAL = 46 urt; = 17 umo. Having

in mind the simplicity of this model, the values given abave for A seem to be

reasonable.

To demonstrate some important features of the annihilation process, the

second possibility will be discussed, namely the annihilation rate is assumed

to be proportional to the total dislocation density

a =P (48)

where n is the coefficient of annihilation. This approach is more plausible
26

for larger strains where the fraction of mobile dislocation is smaller . The

effective rate of dislocation ac:umulation 0 is

IP (49)

Again, using eq. (12) one comes to the evolutionary relationship

dp m (50)U- 1T p 50dy b 7

It is interesting to note that strain rate cannot be eliminated from eq. (50),

and must be recognized here as a parameter (not an 7ndependent variable). For

high strain rates, the second term is perhaps negligible, this term is the

35
dynamic recovery term frequently discussed in literature . The fipil solution

of eq. (50) takes the following form; with the initial condition P = P0  at
y= 0

pp) exp(- 5 7)] (51)

bT Y"Po Y

The effective coefficient of dislocation multiplication is

dp ( ._ pO) exp(-T 9y) (52)

Y
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This solution has some interesting features; for example

urn mlira ( T= 1;= H
i 4 -

i.e. at a very high stra' rate the recovery term is negligible and the effec-

tive breeding coefficient i, H =. For very small plastic strains the follow-

ing limit holds
dp n

lira -=
y~To

which is analogous to eq. (38). This gives the solution for small strains

m) + ( n .- po)y (53)0 =o+ (b Y0

or

SY - t 1)p; t y/

where t is time of deformation at the strain rate 1. Since the strain rate

is assumed to be a parameter, time can enter into eq. (53) explicitly, Solu-

tion (51) shows diso that the annihilation process is capable of developing an

additional rate sensitivity effect. The conclusion is reached that both models

discussed so far can, indeed, describe the strain rate history effects.

Another evolutionary equation was recently introduced and discussed in the
32

literature This evolutionary relationship has the following form

dp u(y) - A - p (54)

Three main parameters are introduced, i.e. u(y), the coefficient showing the

amount of mobile dislocations which are immobilized or annihilated; 1, the

probability for remobilization or annihilation of immobile dislocations; and

A, the coefficient of annihilation of mobile dislocations with other mobile

dislocations, grain boundaries, etc. This evolutionary relationship does not

include a recovery term, since the time factor was eliminated from the basic
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assumptions for this model, however, similar treatment as in the first two forms,

eqs. (44) and (49) might be used in eq. (54) to include a dynamic recovery.

So far, all discussion of the evolutionary relationship has been limited

to the case of a constant temperature. A very basic question arises: how the

breeding coefficient m, and more importantly, the annihilation coefficient n

or the average path of annihilation 1, are dependent on temperature. It may

be exptected that the breeding coefficient should be diminished when temperature

rises, and the annihilation coefficient n probably will increase with increas-

ing temperatures. These two opposite trends would intensify the rate history

effects (recovery) with increasing temperatures. Since the temperature history

effects 1 ,2 occur, the idea that the thermal vibrations of the lattice take part
2T

in the annihilation process cannot be rejected, i.e. the term is more

importaut in eq. (41).

It will be presently assumed, as it is shown on the basis of the experi-

mental data in Fig. 8 and Fig. 9, that at a constant strain rate and tempera-

ture the annihilation rate is constant and equals -a, thus
dPad =-a 

(55)

and it is assumed further that this process is thezmally activated. The simplest

form of temperature dependence will be assumed, namely

H
a = a exp(- (56)

where H is an unspecified activation energy for thermally activated annihila-a

tion, a is the pre-e;ponentional factor. Introducing eq. (56) into (55)

yields the part of the evolutionary relationship

dp H
a ()p

dt a exp(- ) ()

It is understood that the breeding equation (42) holds at the same time; the
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subtraction of eq. (42) and (57) gives the evolutionary relationship (58) in

the differential form

dp - m (T) o exp(-a (58)
dy b yk

This equation is very similar to eq. (50), the comparison of both equations
H

gives the result that r(T)p E a exp(- 4). The evolutionary eq. (58) can be
0 k

integrated, and solution takes the following form

a0  Hrm(T) 0aPr (P +a°, exp(- -,:YIy (59)

Relationship (59) shows a very similar form to solution (50) obtained for the

case of small strains. it will be also interestiag to demonstrate how the value

of APa which can be measured experimentally is derived from eq. (59). Often

experimental results are compared between two or more conditions of deformation,

for example, at two different temperatures and at the same strain rate, or, very

frequently, vice-versa, as in this paper. Let us call these two states the actual

state and the reference state -denoted by star. The difference between densities

of dislocation at these two states is

Ap = p - p (60)

Thus, from eq. (59) and eq. (60) one obtains H H
a a

AP [(m(T)-w(T) ao(te- -T t e (61)

where

-C= Y. t = ;7 = const. ; T > T ; <

Ha
When the parameter 6 = t exp(- H) is introduced, and also the following

expression is used Am(T) m(T) - m(T ); eq. (61) reduces to

re(T) -"
Ap = ) (e - e (62)
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The parameter 8 is frequently used in the creep theories and is called the

time modified by temperature.

For the isothermal case, when T = T eq, (61) reduces once again to the

simplest form, which is the case in the present experiments

Ap = -ay.(r - 4) (63)
I ri

To demonstrate strain rate history effects large differences between strain rates

must be applied, for the present case :etween 10 104 s and
211 1

7 x 102 s -  For such a case, -'- > > 7 and eq. (63) reduces to

Yi Tr Y.

Ap =-a--- or Ap = (64)Yi -¥

This is the result from Fig. 8 for aluminum and from Fig. 9 for copper.

5. Discussion and Conclusions

The above considerations show that the evolutionary equation is significant

in the description of strain rate and strain rate history effects in fcc poly-

crystalline metals. It seems also that the contribution of the thermally acti-

vated component of stress T to the total strain rate effect of constant strain

rates is overestimated in literature. ThiL is caused by the fact that the dis-

location annihilation processes were neglected. Having this in mind eq. (3) may

be written more precisely, but still in a general form

T = TA (t,T) + -r *(,T) (65)

To be more precise it will be assumed that the following relation holds

everytime
1 7 .

T A = CG(T) b/p ,T) (66)

where is a constant factor, G(T) is the temperature dependent shear modulus,

I,
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p and b have their normal meanings. Inversion of eq. (13) gives

-r=TA t -E(H o ~t(67)

where j is the pre-exponential factor. Again, assuming the simplest model

of dislocation intersection a = b, and using eq. (31) together with eq. (66),

relationship (67) takes the form

E=9G(T)b/(t,) (l + 1 (H o(T) + kTrn -)J (68)

-G(T)b3  Yo

When one of the evolutionary equations is introduced into eq. (68), say eq. (59),

one obtains a complete picture of the strain rate and temperature influences as

well as strain rate history and temperature history influences on the flow stress,

T, thus

m(T) H 1/2
T =G(T)b[pt exp(- -t (69)

X Ei t 1 (Ho(T) + kT.n Z--)A
9G(T)b Yo

It may be noted that the energy of activation H is also temperature dependent

through the temperature dependence of the shear modulus G(T) .The constitu-

tive relationship (69), even in its simple form, reflects a very complicated

nature of the strain hardening of polycrystalline aggregates including strain

rate effects. Relations like this may bridge a considerable gap which exists

between studies, either experimental or theoretical, of the micro-mechanisms of

slow and the formulation of microscopic constitutive relationships. Such an

approach is applicable in the solution of many important engineering problems

involving rapid straining. However, further experimental work is needed to pro-

vide evidence as to which approach to the evolutionary relationship may provide

the better description of the real behavior. The incremental experiments of

different temperatures are of great importance.
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The following concludions may be derived on the basis of the present

work.

i. Strain rate and temperature history effects play a very important role

in the plastic behavio of polycrystalline fcc metals.

ii. A dynamic recovery and a dislocation annihilation process am responsible

for these effects. The rmicostruct-ural changes resulting from deformation at

different strain rates or temperatures are made evident by a comparison of

experimental results which are obtained at constant strain rates or tem-

peratures with those obtained from incremental tests.

iii. A description of strain rate and temperature history effects is possible

by a coupling of two relationships. One of these is the relation result-

ing from the thermally activated process which is currently dominating,

while the second is of an evolutionary type. An evolutionary relation-

ship describes the changes in structure during the course of plastic de-

formation. A few examples of an evolutionary relationship are discussed.

iv. Much experimental work remains to be done to obtain a deeper understanding

of the evolutionary processes which occur within the microstructure during

plastic deformation of fcc metals at different temperatures and strain rates.

The present paper shows that incremental strain rate experiments at different

temperatures are of great importance.
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Figure Captions

Figure 1 The schematic suary of typical results for fcc metals; a. - in-
crease of strain rate from Yj to jr decrease of temperature
from T- to Tr; b. - decrease of strain rate from T; to jr or
increase of temperature from Ti to Tr .

Figure 2 Behavior of 1100-0 aluminum under constant low, constant high strain
rate, and under-incremental loading in shlar6 , stain rate changes
from fi = 5 x 10- 5s- I to ir = 8.5 x 10 s - I .

Figure 3 The results of strain rate change for five initial shear strains for
copper 9 , s ain rate changes from ri = 2.17 x 10- 3 s -1  to -r

9 x 10 s .

Figure 4 True and apparent gctivatiol volumes for aluminum ; denoted
respectively as Y" and vh . Data shown as a function of
initial shear strain yi.

Figure 5 True and apparent activation volumes v* and v* for copper at
different initial shear strains Yih

Figure 6 Difference in activation volumes v* - 0 for aluminum, data
obtained from Fig. 4.

Figure 7 Difference in activation volumes v* - v# for copper, data obtained
from Fig. 5.

Figure 8 Annihilated amount of dislocations Ap forjluminum as compared for
two rates of deformation Y 5 x 10 s and ir lxl" 10 s
at different shear strains. Solid line obtained by approximation
with the aid of the least Enuares method.

Figure 9 Amount of dislocation annihilation, bp fo colper, compared for
two rates of deformation, y. = 2.17 x 10 s and j = 3.5 x2 1 r i ..
10 s- at different shear stains. Solid line obtained by
approximation *ith the aid of the least squares method.

Figure 10 Total dislocation density as a function of shear strain at different
strain rates; solid lines - data from the present per, *-data
obtained from the electron microscopy measurements

Figure 11 Total dislocation densities for copper 29,30,31 as a function 3f
tensile strain c; data collected by Roberts and Bergstr6m
Solid line is obtained from the analysis by the least squares
method.

Figure 12 Total dislocation density for copper as a function of 3 she~r
strain at two diff!reni strain rates, y = 2.11 x 10 s-
and =3.5 xI-2 ; the initial dislocation density
p 1.5 x 10 c-
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